KNOWN that contraction of a muscle is reflexly excited by responses of its spindle receptors to stretch (32, 34) and is reflexly inhibited by responses of its Golgi tendon organs to contraction (10, 31) . Many experimental techniques have been used to confirm these observations (7, 12, 23 Al though the evidence discussed above would suggest that tendon organ inhibition would be less than maximal in this preparation, the decerebrate animal offers the advantage of presenting a reasonably physiological background of extensor contraction about which observations can be made. A criterion for the judgment of the importance of this reflex, loop gain, is borrowed from feedback control theory. The importance of length feedback from muscle spindles also has not been adequately evaluated.
In discussing this problem, Matthews (39) has recently stressed the "need to know the 'gain' of the servo-loop in order to assess its efficacy." From the point of view of control theory the gain of length feedback can be expressed as the positional stiffness of the system. The greater the stiffness, the less will the length of the muscle be disturbed by a change in load and the more reliable will be the performance of the system in executing controlled changes in length. Positional stiffness has been measured in soleus muscles of decerebrate cats (1 I, 37) as the slope of the stretch reflex curve, i.e., the increase in muscular force which results from a unit increase in muscle length. The problems with this measurement are twofold. Part of the increase in force would result from the increase in length even if there were no reflex increase in the efferent signal to the muscle. had been teased away from the ventral roots and cut proximally (VRF in Fig. 1 ). The first trace in Fig. 2 Therefore, shortening is more appropriate to the analysis which follows than is lengthening.
In several experimen ts we also measured incremental responses to lengthening. Frequently these were somewhat larger (up to 2 times) than those to shortening, and in no case were they smaller. This asymmetry was most pronounced in the range of low-background forces.
Our incremental approach to an evaluation of the stiffness of the stretch reflex differs from that of most previous investigators who instead measured the slope, also in units of g/mm, of curves relating reflex tension to muscle length (11, 37, 47 erating points in the range from 0 to 300 g; but the reflex stiffness continues to increase, although at a lower slope, throughout the range studied.
As with the inhibitory responses, the reflex stiffness appeared to depend only upon the magnitude of the background contraction throughout the range studied. Measurements of stiffness during a strong stretch reflex did not differ significantly from those obtained when the stretch reflex was weak and a crossed-extensor reflex was needed to provide the same background contraction. between the base of the tibia and the foot is 20 deg. The passive component of tension, which is appreciable only near the peak of the curve, has been deducted in each case. The circles represent the points obtained by stimulating the entire L7 ventral root, the triangles from most of the S1 root, and the open squares from the remaining portion of S1. In each case the roots were stimulated at a rate of 20/set. The maximal tensions occurred at -2 mm and were 2,480, 158, and 23 g, respectively. To a first order of approximation, all of the points lie along the same curve, demonstrating that the shape of the length-tension characteristic is approximately the same for all three portions of the muscle. (The slight differen ces have a signi ficance which will become apparen t in the following section.) These results are most simply explained by the following two postulates: -I) the length-tension characteristics of individual muscle fibers in a soleus muscle are nearly identical, and 2) the forces of individual fibers add linearly to produce the total force at the tendon.
A means for dealing with muscular stiffness also suggests itself.
Because of the first postulate, the same force is developed by each fiber and each fiber has the same stiffness at a given operating length. The second postulate then insures that both the net force and the net stiffness will increase proportionately with the number of actively contracting fibers. Consequently, the stiffness will be proportional to the operating force, and the constant of proportionality can be evaluated at any operating force. Fig. 2 ). Then the muscle was shortened by y3 mm and the force was again measured in the absence of reflex contraction.
The difference between these two forces divided by l/s mm gave the stiffness of this portion of the muscle. The proportionality factor was obtained bv dividing by the unshortened length.
force at the A numerical example will help to illustrate the procedure.
The filled symbols in Fig. 6I ! were obtained at an operating length L, on the ascending portion of the length-tension curve. The disturbance contraction at Lo was 75 g, and its contraction at (L, -lb3) mm was 73 g. Dividing the difference in force by the change in length, and dividing this result by the magnitude of the contraction, one obtains a value of 0.08 g/mm per g F,. The muscular stiffness corresponding to each of the filled symbols in Fig. 623 delivered synchronously, produces a rather unfused contraction (37). The sensitivit) is lessened only slightly when stimulation of different portions of the muscle is staggered so as to produce a semblance of a fused contraction (49). With activation frequencies greater than about IO/set, which produce moderately fused contractions even when delivered synchronously, the relation between length and tension becomes less dependent on the frequency of the tetanus.
This raises some doubt about our estimate for muscular stiffness since the estimate ignores the possible variation related to discharge frequency. If most of the motor units providing the background contraction discharge at rates producing fusion, our estimate is probably adequate. But, if many units discharge at rates below fusion, our estimate may be significantly low. Even the lowest of the discharge rates observed are sufficient to provide a moderately fused contraction of the slower motor units in soleus, as illustrated in Fig.  8 produced by a crossed-extensor reflex in a decerebrate cat whose ipsilateral dorsal roots were cut. Crossed extension recruits motor units in their normal order (16) and would be expected to produce the same frequencies of motor unit discharge as would result during stretch reflexes. The muscular stiffness measured under these conditions, using the technique of shortening during contraction, was equal to that measured during direct stimulation of a ventral root at ZO/sec, suggesting that our hypothesis is correct.
It would seem reasonable, therefore, to look upon the normal gradation of contraction as predominantly a recruitment of moderately fused motor units (see also ref 11). As a fresh motor unit is recruited, small variations in force might be mediated by variations in the frequency at which it is activated. However, as more motor units are added, the frequency at which the former unit is activated would tend to saturate at a level which insures a moderately fused contraction.
This level may correspond with the "preferred-level" of discharge which has been recorded in ventral root filaments by Roberts (50) and noted in EMG potentials by Granit (11).
5. An estimation of common compliance Studies of the mechanical properties of muscle reveal the presence of a relatively undamped series elasticity that, in interaction with the contractile element, is responsible for the relatively slow build-up of force (17). It has been suggested that a portion of the compliance of this elastic element is distributed throughout the length of the muscle fibers and that another portion is associated with the tendon (27). Recently, Joyce and Kack (28) measured in soleus muscles of cats the total series compliance from mechanical records and the compliance of the tendon of insertion from microscopic observations. Their results indicate that a relatively small and constant component (0.5 mm/ kg) of the total series compliance resides in the tendon of insertion.
This portion, which we will call the common compliance, has the special feature that it lies in series with all the muscle fibers. If it should be extended by a contraction of any group of active fibers, all of the muscle fibers would be shortened* In contrast, an extension of the portion of elasticity which is distributed throughout an active group of muscle fibers should have no influence on the other muscle fibers.
These considerations become important when we consider reflex responses to internal disturbances produced by stimulating filaments of ventral root. The resultant contraction would lead to internal shortening causing a decrease in the discharge rates of spindle receptors in the muscle in proportion to the amount by which the common compliance is extended. (Any inequities in the distribution of the internal distributed compliance mi,ght lead to either increases or decreases in the discharge of those few spindles which attach to the contracting fibers, but the reflex consequences are likely to be minor.) Decreased spindle discharges would have reflex effects mimicking inhibition by way of tendon organs. If, however, the magnitude of the common compliance is known, the respective contributions of spindles and tendon organs to the response can be calculated. Because the value for this parameter given by Joyce and Rack (28) did not include the tendon of origin nor the attachments of our apparatus, it seemed appropriate to measure it with a technique which would include all of these potential contributions.
We have estimated the common compliance by measuring the decrement in contraction produced when two portions of the muscle contract together as opposed to the sum of their seDarate contractions.
Internal shortening of ioth portions should be greater when they contract together because the force applied to the common compliance would be greater. If the fibers are operating on a steep portion of their length-tension curves, the force of contraction will be less when the internal shortening is greater. Brown and Matthews (4) used a similar technique to demonstrate the absence of multiple innervation of muscle fibers in soleus. If multiple innervation were appreciable, they expected to see a decrement due to the fact that some muscle fibers were innervated by both portions of the nerve which they stimulated separately and then together. Such decrements would not depend upon internal shortening and would, therefore, be readily evident at the peak of the Zength-tension curve.
In cats anesthetized with pentobarbital sodium we measured the contraction produced in an isometric muscle by the stimulation at 2O/sec of two portions of ventral root individually and in combination. The fractional decrement was defined as the difference between the sum of the separate contractions and the combined contraction, all divided by the sum of the separate contractions.
The values obtained at several operating lengths are plotted in Fig. 8 . Two portions of ventral root, which each produced about 900 g, were used, The fractional decrements were much less when filaments producing smaller contractions were used owing to the lesser extent of internal shortening during these weaker contractions.
We seldom found appreciable decrements in the vicinity of the peak of the length-tension curve (a small but consistent decrement was found in one experiment). As already noted, decrements in this region would suggest multiple innervation. Their absence is in agreement with Brown and Matthews (4). The large values of fractional decrement which we found between -15 and -18 mm (the steep portion of the length-tension curve in Fig. 7 ) may be used to estimate the magnitude of the common compliance. The curves shown in Fig. 8 were calculated from equation 21 in APPENDIX A, assuming the values 0.1, 0.4, 0.7, and 1.0 mm/kg for common compliance. The experimental values for the corresponding filaments are the solid points which are scattered mostly between the theore tical curves representing 0.4 and 0.7 mm/kg of common compliance. It would appear that most of the common compliance resides in the common tendon whose compliance was estimated by Joyce and co-workers (29) Similarly, the force on the myograph should be less by the amount required to overcome the turgor. For a small contraction this decrement would be more significant than for a large contraction. We believe this to be the reason why in Fig. 7 Fig. 2 and CP with IP in Fig.  4 .) Sometimes they would overshoot their final value (SR in Fig. 2 (11, 37, 39, 47) A system controlling force might be advantageous, for example, during exploratory behavior. A fourth possibility is that the important role of tendon organs is in integrating the responses of synergis ts and antagonists, rather than in the homonymous regulation which has been studied here. Yet another possible role is discussed in section 3 below.
The rather small magnitude which we found for the gain of force feedback from tendon organs may result from our choice of preparation, as mentioned in the introduction.
The magnitude of length feedback may likewise be atypically large in decerebrate preparations.
In attempting to extrapolate these values to intact animals, it must also be remembered that the known synergistic and antagonistic pathways from nearby muscles would tend to augment the gains of both pathways (14, 39).
Inherent
to our analysis is the assumption that each muscle afferent exerts its excitatory or inhibitory effect on the entire pool of motoneurons rather than on one or two specific motoneurons.
Our incremental disturbance inputs, for example, cannot be expected to influence the discharge of all the tendon organs in soleus. In fact, some of our smaller disturbances were provided by the contraction of only one or two motor units which might have activated only one to four tendon organsm4 with the data as illustrated by the dashed curves in Fig. 6 . These results indicate that the static nonlinearity which is responsible for the dependency of operating force on reflex stiffness and force feedback has two special features. First, it is common to both spindle and tendon organ pathways. This might have been suspected since both curves in Fig. 6 show their greatest changes in the same range of operating forces, i.e., between 0 and 300 g Fo. Second, the nonlinearity must have a shape similar to that shown in Fig. 12, i. 'i'hc c'o~~m01~ series compiiance, C in Fig. $ 
We define a fractional decrement as a P[E,, X] + P[E,, X] -qq+,, Xl =---- Jw L, and k depend on the operating length X, predicting a dependency on L, as well. The latter was not grossly apparent in our experimental results, probably because T [X,,] varies by only 20% over the range of operating lengths used (Fig. 7) . The following values were used in constructi&g the dashed curves superimposed on the data points in Fig. 6 
